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Abstract 
BACKGROUND CONTEXT:A double-crush lesion is a condition in which 
the lumbar nerve is compressed both medially and laterally in the spinal canal, 
where diagnosis can be very difficult, and is a factor leading to poor surgical 
success rates.  
PURPOSE: Diffusion tensor imaging (DTI) was used to determine DTI 
parameter fractional an isotropy (FA) values and apparent diffusion 
coefficient (ADC) in both intraspinal column lesions alone and in double-
crush lesions.  
STUDY DESIGN:This study used a prospective study.  
PATIENT SAMPLE:Of the 56 cases (mean age: 72.2 years) that underwent 
laminectomy for lumbar spinal stenosis at our clinic between April 2013 to 
March, 2015, 10 cases with L5 radiculopathy caused by L4–L5 stenosis 
(Intraspinal stenosis group (Group I); mean age: 74.7 years), and 5 cases with 
persistent symptoms caused by L5 foraminal stenosis despite L4–L5 
decompression surgery (Double-crush group (Group D); mean age: 77.6 
years) were targeted. One patient in Group D was diagnosed through 
microendoscopic intrapedicular partial pediculotomy and the remaining four 
cases by nerve root infiltration. Five healthy cases (mean age: 54 years) were 
studied as controls.  
OUTCOME MEASURES:Intraspinal zone (Iz), nerve root (N), and 
extraforaminal zone (Ez) were established as the regions of interest, and the 
L5 nerve FA and ADC values were determined on the affected side.  
METHODS:Diffusion tensor imaging was performed prospectively by 1.5T 
magnetic resonance imaging before surgery, and DTI parameters of L5 nerve 
were evaluated in all patients and healthy volunteers. Student t test was used 
for group comparisons, and a p<.05 was considered statistically significant.  
Keywords: Apparent diffusion coefficient; Diffusion tensor imaging; Double-
crush lesion; Fractional anisotropy; Lumbar foraminal stenosis; Lumbar spinal 
stenosis  
 
Introduction  
Lumbar foraminal stenosis is a condition in which a nerve root or spinal nerve 
is entrapped in a narrowed lumbar foramen in degenerative lumbar spinal 
disorders. There is a dorsal root ganglion that functions as a pain receptor at 
this site and so this condition is refractory and can cause severe lower limb 
pain [1]. However, Macnab et al. [2] suitably referred to this region as the 
“hidden zone,” and despite major strides in imaging technology today, this site 
is still often overlooked and can be a factor that negatively impacts surgical 
success rates.  
Nerve decompression sites differ in intraspinal lesions and foraminal stenosis, 
and it has been reported that many cases of failed back surgery syndrome are 
caused by inappropri- ate treatment of foraminal stenosis [3]. Conditions that 
cause L5 radiculopathy include when the L4–L5 level is com- pressed by an 
intraspinal canal lesion and a lateral lesion presses against the L5–S1 level so 
that the nerve is com- pressed at two levels (medial and lateral), and this is 
called a double-crush lesion. However, traditional imaging studies do not 
allow the clinician to differentially diagnose whether the compressing lesion 
in inside or outside the spinal canal, or if a double-crush lesion is responsible.  
Diffusion weighted images (DWIs) are created by using magnetic resonance 
imaging (MRI) to enhance water molecule movements (diffusion) which are 
then imaged. They can be made by applying a motion problem gradient 
(MPG) from one direction to proton diffusion movement [4–7]. Diffusion 
weighted images are essential in the diagnosis of acute cerebral infarctions [8], 
and this technology is now widely used in clinical practice [9,10]. Diffusion 
weighted image not only affects the diffusion of water molecules but also has 
a strong influence on the directionality of the diffusion. In nerve fibers, it 
prevents axon cellular membrane and myelin sheaths from diffusing in 
directions perpendicular to nerve fibers, so water molecule isotropy is lost. 
This condition is referred to as anisotropy and selective recording of this data 
is called diffusion tensor imaging (DTI) and tractography. Indicators of 
anisotropy include fractional anisotropy (FA) which ranges in value from 0 to 
1. As it approaches 1, the anisotropy- enhanced condition grows stronger, 
while 0 means that it is completely isotropic. Recently, DTI has been reported 
to be useful in demyelinating diseases such as multiple sclerosis or chronic 
peripheral nerve compression lesions such carpal tunnel syndrome [11,12]. 
Myelinated nerves in tissue myelin sheath can restrict water molecule 
diffusion to run parallel to the nerve fiber, and presents with potent anisotropy, 
but demyelination that accompanies nerve injury such as spinal injuries can 
reduce the anisotropy, and decreased FA values have been reported in such 
cases [13,14].  
We previously reported that in patients with lumbar foraminal stenosis, the 
tract was blocked at the stenotic site and FA values were low [15]. Diffusion 
tensor imaging was used to investigate DTI parameter such as FA and 
apparent diffusion coefficient (ADC) values in double-crush lesions, and our 
findings are presented below.  
Materials and methods  
Of the 56 cases (mean age: 72.2 years) who underwent laminectomy for spinal 
canal stenosis at our clinic between April 2013 to March, 2015, 10 cases with 
L5 radiculopathy caused by L4–L5 stenosis (Intraspinal stenosis group (Group 
I); mean age: 74.7 years), and 5 cases with persistent symptoms caused by L5 
foraminal stenosis despite L4–L5 decompression surgery (Double-crush 
Group (Group D; mean age: 77.6 years) became the subjects of this study. 
Five healthy cases (mean age: 54 years) were also studied as the control 
group. In Group I, the only medial stenosis at the L4–L5 level without L5 
foraminal stenosis was seen on computed tomography (CT) and MRI. On the 
other hand, in Group D, although both medial stenosis at the L4–L5 level and 
L5 foraminal stenosis were seen, the only L4–L5 laminectomy was selected 
because false-positive findings of foraminal stenosis may be frequently 
observed by conventional imaging techniques. Foraminal stenosis was defined 
as abnormalities such as nerve indentation, swelling, and running transversely 
in their course through the foramen on 3D-MRI (Fig. 4E) [16].  
After surgery in Group D, one case was diagnosed and treated with 
microendoscopic intrapedicular partial pediculotomy [17], while four 
underwent nerve root infiltration. Diffusion tensor imaging with Philips 
Achieva 1.5T MRI was performed prospectively before surgery on all 
patients. All patients also underwent MRI at 6 months after surgery, and we 
verified that L4–L5 central canal and lateral recess were completely 
decompressed.  
The patient exclusion criteria were as follows: (1) those who had lumbar 
spinal instrumentation after surgery, (2) those who had myelopathy, and (3) 
those who had spinal tumor, infectious disease, or spinal trauma.  
A 1.5-T MRI scanner (Philips Medical Systems, Nederland B.V., Veenpluis 4-
6, 5684 PC Best, The Netherlands, Achiva 1.5T Nova Dual) was used in this 
study. Sagittal T1- weighted (TR/TE, 400/14), axial and sagittal T2-weighted 
fast spin-echo (TR/TE, 4000/102) sequences were obtained using a 256×256 
matrix, 260 mm field of view (FOV), and 3/1 mm slice thickness/gap.  
The sequences for 3D-MRI were called “Proset Myelo” in this system 
(3DFFE with, in principle, the water selec- tive excitation technique, 1331 
pulse type). The scanner settings were 23/14 ms for TR/TE, respectively, 8 
degrees for flip angle, 2.0 (–1.0) mm slice thickness, 250 mm FOV, and 
252×250 matrix.  
The DTI series were acquired using Spectral presaturation with inversion 
recovery, and an echo-planar imaging sequence with a free-breathing scanning 
technique. Subjects were scanned in a supine position using a SENSE 
(SENSitivity Encoding)-Spine-coil (15 element phased array coil). The 
following imaging parameters were set: 800 s/mm2 b-value, MPG: 15 
directions, 10000/71 ms for TR/TE respectively, axial slice orientation, 3/0 
mm slice thickness/gap, 320×213 mm FOV, 96×192 matrix, 3.3×1.66×3.0 
mm3 actual voxel size, 1.6×1.6×4.0 mm3 calculated voxel size, 4 excitations, 
50 total slices, 10 min 31 s scan time. After DTI data were trans- ferred to a 
PC, Volume One and dTVII 15 g; (http:// www.medimg.info.hiroshima-
cu.ac.jp/dTV.II.15g/index .html) software [18] was used for tractography and 
FA mapping. The diffusion tensor was calculated using a log- linear fitting 
method. Intraspinal zone, nerve root and extraforaminal zone were established 
as regions of interest, and the nerve FA and ADC values were determined on 
the affected side (Fig. 1). In the patients with bilateral symptoms (3 of 10 
patients in Group I), the average values of DTI parameters on the bilateral side 
were measured.  
Neurologic severity was assessed using the visual ana- logue scale (VAS) 
score for low back pain, leg pain, and leg numbness from 100 (extreme 
amount of pain) to 0 (no pain), the Japanese Orthopedic Association (JOA; 0–
29 points) scoring system, and the Roland-Morris Disability Question- naire 
(RDQ; 0–24 point). The normal JOA score is 29 points, based on 3 subjective 
symptoms (9 points), 3 clinical signs including straight-leg raising (6 points), 
and 7 activities of daily living (14 points). The normal RDQ is zero points 
with the total number of items checked from a minimum of 0 to a maximum 
of 24. The clinical evaluations were conducted at the onset of sciatic 
symptoms and at 6 months after surgery (Table 1).  
Student t test was used to compare groups with p<.05 con- sidered statistically 
significant.  
Results  
There were no statistically significant differences in clinical symptoms 
between the presurgical intraspinal stenosis and double-crush lesion groups 
(Table 1). In the patient who had the second surgery (Table 1, subject5), JOA 
score was improved from 15 points to 20 points, RDQ from 18 points to 12 
points, low back pain VAS score from 90 points to 50 points and leg pain 
VAS score from 90 points to 30 points after the second surgery.  
Fractional anisotropy values (intraspinal zone, nerve root, and extraforaminal 
zone) in the healthy volunteers were 0.415±0.041, 0.448±0.036, and 
0.517±0.016, and grew higher as the site became distal. In Group I, the values 
were 0.335±0.016, 0.393±0.007, and 0.484±0.014, and in Group D they were 
0.296±0.014, 0.367±0.020, and 0.360±0.013. Compared with the healthy 
controls, Group D showed significantly lower values in the intraspinal zone 
(p<.05), and extraforaminal zone (p<0.001), whereas the intraspinal zone 
(p<.05) in Group I was significantly lower than the healthy controls. 
Extraforaminal zone FA values in Group D were significantly lower than in 
Group I (p<.001) (Fig. 2). Apparent diffusion coefficient values (intraspinal 
zone, nerve root, and extraforaminal zone) in the healthy volun- teers were 
1.270±0.085 mm2/s, 1.151±0.115 mm2/s, and 0.937±0.041 mm2/s, decreasing 
as sites grew distal. In Group I, values were 1.406±0.055 mm2/s, 1.184±0.015 
mm2/s, and 1.001±0.037 mm2/s, and in Group D, 1.551±0.079 mm2/s, 
1.412±0.079 mm2/s, and 1.329±0.067 mm2/s. Compared with healthy controls, 
Group D had significantly elevated intra- spinal zone (p<.05) and 
extraforaminal zone (p<.05) values. Apparent diffusion coefficient values in 
Group D were sig- nificantly higher than those in Group I in the nerve root 
zone (p<.01) and intraspinal zone (p<.001) (Fig. 3).  
Case presentation  
An 87-year-old woman is the subject of this case (Table 1, subject 1).  
Chief complaint: Severe bilateral lower limb pain was making it difficult for 
her to move.  
No muscle weakness. JOA scores: 15/29 points, RDQ: 19/ 24 points. 
Magnetic resonance imaging revealed L3–L4 and L4–L5 spinal canal stenosis 
(Fig. 4). L4–L5 and L4–L5 lami- nectomies were performed. After surgery, 
right lower limb pain continued with right leg muscle weakness. The nerve 
findings, elicited using the manual muscle test, were as follows (right side/left 
side): tibialis anterior 2/5, extensor hallux longus 2/5, and right foot drop was 
noted. While L5 nerve swelling and running transversely in their course 
through the foramen were seen on 3D-MRI (Fig. 4E), presurgical DTI 
revealed right L5 nerve disruption at the foramen (Fig. 5). Fractional 
anisotropy values (intraspinal zone, nerve root zone, and extraforaminal zone) 
were 0.301, 0.375, and 0.361 on the af- fected side and 0.392, 0.416, and 
0.434 on the unaffected side. Fractional anisotropy values were decreased over 
a wide- spread area from the intraspinal to extraforaminal zone. The patient 
was diagnosed with residual intervertebral foram- inal stenosis in the L5 nerve 
double-crush lesion. Because of her advanced age, she did not wish to undergo 
further surgery, and so she has been receiving right L5 nerve root infiltration 
to treat the right lower leg pain.  
Discussion  
Appropriately named the “hidden zone” by Macnab et al. [2], lumbar 
foraminal stenosis is often overlooked, ac- counts for approximately 60% of 
failed back surgery syndromes, and plays a major role in lowering surgical 
success rates [3]. In our study, we also noted that there were 5 out of the 56 
cases (8.9%) who were left with residual symptoms because the foraminal 
stenosis had been overlooked. There were no statistically significant 
differences between in- traspinal stenosis and double-crush lesions in the 
presurgical severity of clinical symptoms.  
Diagnostic imaging of lumbar spinal canal stenosis in- volves a 
comprehensive review of X-rays, CT, and MRI [19–21], together with 
functional diagnosis through selec- tive nerve root imaging and infiltration. 
[22] Conventional MRI has been reported to produce false positives in 30%–
40% of lumbar foraminal stenosis cases, and therefore, this is a difficult 
condition to diagnose. Recently 3D-CT, magnetic resonance myelography 
[23], and 3D-MRI [16,24] have been reported to be diagnostically useful.  
Nerve root damage in lumbar foraminal stenosis is most common in the L5 
nerve root, accounting for 75% of cases [1]. There are no useful diagnostic 
methods to diagnose the cause of L5 nerve damage as medial stenotic lesions 
in the L4–L5 level, lateral lesions in the L5–S1 level, or double- crush lesions. 
Electrophysiological tests to measure distal latency of the L5 have been 
reported. Distal latency delays occur in lateral lesions compared with medial 
lesions, allow- ing for differential diagnosis between medial and lateral lesions 
by this method. However, this is an invasive test and non- invasive diagnostic 
methods are virtually non-existent [25,26].  
Previously, we reported how tract entrapment in lumbar foraminal stenosis 
was diagnosed with DTI based on decreases in FA values [15]. Intraspinal 
zone, nerve root, and extraforaminal zone were set as the regions of interest in 
this study, and DTI parameters FA and ADC values were determined in detail. 
Changes in these DTI parameters (decreased FA, increased ADC) were 
indicative of medial nerve damage in the intraspinal lesion, and broad damage 
across medial intraspinal to lateral foramen areas in double-crush lesions, 
depending on which areas suffered nerve compression. There are few reports 
in the literature on DTI use in the lumbar nerve root [27–30]. Balbi et al. [27] 
report using a Fiber Viewer (http://www.ia.unc.edu/dev) software to 
determine parameters consecutively along the fiber bundle. A sudden drop in 
FA values with increases in ADC can be noted along compressed nerve sites. 
We believe this literature further supports our findings. In this study, while L5 
nerve swelling and running transversely in their course through the foramen 
were seen on 3D-MRI (Fig. 4E), presurgical DTI revealed right L5 nerve 
disruption at the foramen (Fig. 5). Diffusion tensor imaging can provide 
anatomic information and accurate localization of nerve compression in the 
foramen, which can be helpful in surgical planning.  
Limitations of this study were as follows: (1) small number of cases; (2) DTI 
images are subject to artefacts. Various interventions are needed to develop to 
visualize the lumbar nerve and enhance resolution; (3) four patients in Group 
D were diagnosed and treated with nerve root infiltration after surgery. We 
verified the existence of L5 foraminal stenosis by 3D-MRI; however, response 
to nerve root infiltration might mean the L5 nerve root still hurting without 
foraminal stenosis.  
We hope that by adding more cases, it will be possible to verify our findings.  
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Table 1.
        Clinical details and DTI parameters of the patients
No Age Diagnosis MRI finding Affected side (preoperative)Op ration Postoperative treatment JOA (preoperative) JOA (postoperative) LBP (preoperative) LBP (postoperative) Leg pain (preoperative) Leg pain (postoperative) RDQ (preoperative)RDQ (postoperative) FA (Iz) FA (N) FA (Ez) ADC (Iz) ADC (N) ADC (Ez)
1 87 Double-crush L3/4, L4/5SCS Bilateral L3/4,L4/5 fenestration Rt. L5 nerve infiltration 15 12 60 0 70 90 19 23 0.301 0.375 0.361 1.459 1.351 1.527
2 76 Double-crush L3/4,L4/5SCS Rt L3/4,L4/5 fenestration Rt. L5 nerve infiltration 18 20 50 80 80 80 14 8 0.323 0.308 0.409 1.301 1.73 1.111
3 78 Double-crush L3/4, L4/5SCS Rt L4/5, L5/S1 fenestration Rt. L5 nerve infiltration 20 23 30 80 70 30 10 8 0.302 0.416 0.336 1.662 1.34 1.375
4 70 Double-crush L4/5,L5/S1 SCS Rt L4/5, L5/S1 fenestration Rt. L5 nerve infiltration 22 25 60 40 60 25 9 5 0.315 0.404 0.367 1.754 1.324 1.296
5 77 Double-crush L4/5,L5/S1SCS Lt L4/5,L5/S1 fenestration Lt. partial pediculotomy 18 15 60 90 70 90 16 18 0.24 0.333 0.331 1.583 1.317 1.34
Mean 77.6 18.6 19 52 58 70 63 13.6 12.4 0.296 0.367 0.36 1.551 1.412 1.329
6 75 Intraspinal L4/5SCS Rt L4/5 fenestration 7 28 90 0 95 0 20 0 0.409 0.406 0.473 1.115 1.082 0.928
7 69 Intraspinal L4/5SCS Rt L4/5 fenestration 16 27 50 0 88 0 9 0 0.311 0.387 0.437 1.599 1.246 1.032
8 84 Intraspinal L4/5SCS Bilateral L4/5 fenestration 17 29 85 0 50 0 19 0 0.327 0.371 0.53 1.554 1.214 0.969
9 79 Intraspinal L4/5SCS Rt L4/5 fenestration 22 22 60 50 80 40 13 3 0.242 0.413 0.48 1.437 1.177 0.911
10 68 Intraspinal L4/5SCS Lt L4/5 fenestration 25 28 35 0 35 0 9 5 0.412 0.379 0.448 1.443 1.212 0.954
11 83 Intraspinal L4/5SCS Bilateral L4/5 fenestration 16 27 50 0 80 30 12 7 0.365 0.413 0.547 1.133 1.149 0.945
12 79 Intraspinal L4/5SCS Lt L4/5 fenestration 22 26 20 10 50 10 11 11 0.349 0.436 0.518 1.349 1.136 0.913
13 71 Intraspinal L4/5SCS Rt L4/5 fenestration 20 29 0 0 80 0 8 0 0.3 0.369 0.419 1.616 1.195 1.155
14 71 Intraspinal L4/5SCS Lt L4/5 fenestration 23 26 40 0 70 70 0 2 0.308 0.39 0.455 1.336 1.221 1.262
15 68 Intraspinal L4/5SCS Bilateral L4/5 fenestration 20 29 70 10 60 10 9 0 0.336 0.368 0.536 1.48 1.216 0.943
Mean 74.7 18.8 27.1 50 7 68.8 16 11 2.8 0.335 0.393 0.484 1.406 1.184 1.001
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